Background Microbiological confirmation of childhood tuberculosis is rare because of the difficulty of collection of specimens, low sensitivity of smear microscopy, and poor access to culture. We aimed to establish summary estimates for sensitivity and specificity of of the Xpert MTB/RIF assay compared with microscopy in the diagnosis of pulmonary tuberculosis in children.
Introduction
The 530 000-999 792 cases of tuberculosis every year in children account for at least 6% of the global burden of the disease. [1] [2] [3] These numbers underestimate the burden of childhood tuberculosis, which is higher due to difficulty in diagnosis of childhood tuberculosis, emphasising the need for improved diagnostics. Smear microscopy remains the most used and widely available tuberculosis diagnostic method in low-income and middle-income countries, particularly in peripheral settings that do not have access to higher-level laboratories. Microscopy is of little value in children, who typically have paucibacillary tuberculosis and have difficulty producing sputum. In children, culture methods have a greater, yet highly variable, sensitivity. For these reasons, microbiological confirmation of childhood tuberculosis is rare and clinical diagnosis relies on a combination of signs, symptoms, radiological findings, and identification of a tuberculosis contact. 4 The ongoing rollout of Xpert MTB/RIF (Xpert; Cepheid, Sunnyvale CA, USA) in low-income and middle-income countries offers an opportunity for investigators to provide access to diagnosis for children beyond smear microscopy. We did a systematic review and meta-analysis on the use of Xpert in children, which informed the recent WHO update of guidelines on the use of Xpert in adults and children. This Article includes results updated up to December, 2014. 5 We aimed to establish summary estimates for the accuracy of Xpert in diagnosis of pulmonary tuberculosis and rifampicin resistance in children, with the secondary objective of investigation of heterogeneity of comparison studies in relation to age, smear-test status, HIV-status, and an inpatient versus outpatient setting.
Methods

Study inclusion
We searched Medline (through PubMed and Ovid) and Scopus for published work without language and date restrictions. Our last search was done on Jan 6, 2015. We searched through reference lists of included studies and review articles for additional studies. We contacted authors from published studies and a broad network of researchers of childhood tuberculosis to identify continuing and unpublished studies.
We included studies assessing Xpert for the diagnosis of pulmonary tuberculosis in HIV-infected and HIVuninfected children aged 0-15 years with presumed pulmonary tuberculosis. Studies used Xpert on routine respiratory specimens such as expectorated or induced sputum, gastric lavage, and nasopharyngeal aspirates, and included more than five participants. We included published articles, articles in press, and unpublished studies when authors agreed to share methods and results. We included cross-sectional studies, cohort studies, and randomised controlled trials from settings with a high, moderate, and low tuberculosis burden if they compared Xpert to an acceptable reference standard. We excluded case-control studies, case reports, and studies only presented as an abstract.
Xpert MTB/RIF was the index test. We considered one result per index test per child; ideally, this corresponded to the first specimen provided. Smear microscopy was the comparator test for studies that reported a direct comparison of smear and Xpert against a reference standard. Two reference standards were selected for pulmonary tuberculosis: culture and clinical diagnosis. We considered studies that used one or more solid media or commercial liquid culture per child or both, including studies that assessed several specimen sources (eg, sputum and gastric aspirate). We assigned culture-positive children to the group named "confirmed tuberculosis". Recognising the limitations of culture, we accepted a second reference standard (clinical tuberculosis) that was applied only in culture-negative children.
Children were categorised as positive for clinical tuberculosis if a provider started antituberculosis therapy without knowing the results of Xpert testing. Children assigned to the group named "not clinical tuberculosis" either had an alternative diagnosis or did not start antituberculosis therapy and improved or did not worsen after at least 1 month. Most studies did not provide data to enable the use of existing consensus definitions for clinical tuberculosis in children. 6 The reference standard for rifampicin resistance was established by conventional phenotypic drug susceptibility testing or line-probe assays. 7 Two authors (ARD, AKD) independently reviewed titles and abstracts, followed by full-text review of selected studies. Studies categorised as not meeting inclusion criteria by both authors were excluded; consensus was achieved from a third reviewer (AMM) if the authors disagreed (appendix). The two authors independently extracted data with use of a form adapted from a recent Cochrane review. 8 We contacted study authors for missing data, clarifications, and to reclassify children according to the clinical tuberculosis reference standard. All data were entered into Microsoft Excel version 14.4.1 and verified independently by the same two authors. We assessed study quality with Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2). 9 We did not assess publication bias because these methods are not applicable for studies of diagnostic accuracy.
10
Statistical analysis
We did descriptive analyses with Excel and Review Manager 5 (RevMan) version 5.2 (The Cochrane Collaboration, Copenhagen, Denmark) to summarise study characteristics and quality based on QUADAS-2. Meta-analyses of estimated pooled sensitivity and specificity of Xpert were done seperately for tuberculosis detection and rifampicin resistance using a bivariate random-effects model. 8, 11 This approach allowed calculation of pooled estimates while minimising potential sources of variation caused by imprecision of sensitivity and specificity estimates within individual studies, correlation between sensitivity and specificity across studies, and variation in sensitivity and specificity between studies. 11 We used a Bayesian approach to estimate all meta-analysis models. In the Bayesian approach a prior distribution (which summarises information available on the parameters of the metaanalysis model from external sources) is combined with information from the included studies. 8 We used noninformative prior distributions to allow the observed data to dominate the results, and reported pooled estimates together with a 95% credible interval. We also reported a prediction interval, which would capture the uncertainty around the sensitivity or specificity estimates that could be expected in a future study. If there was no heterogeneity between studies, then the credible interval 
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Results
We identified 115 published studies, and, after title and abstract review, assessed 27 full-text articles (figure 1 UMIC=upper-middle-income country. *These studies were led by laboratory researchers and reports had no or very little information for the origin of specimensie, from inpatients versus outpatients. †This study only included smear-negative children and was therefore only included in the analysis of Xpert against culture in smear-negative children. ‡ Walters E, Desmond Tutu TB Centre, personal communication. selected 15 studies for inclusion (figure 1). [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Five studies were done in low-income countries, two in lower middleincome, six in upper middle-income, and two in highincome countries (table 1) . 26 12 studies were done at tertiary, university, or research facilities. Eight studies included inpatients only whereas four included both inpatients and outpatients; two laboratory-based studies collected minimal clinical information. One study 24 included outpatients from a primary care setting, but specimens were processed at a university hospital reference laboratory. With use of QUADAS, we considered most studies to have low risk for selection bias because children were recruited in a consecutive manner.
Studies included 3640 participants contributing to 4768 specimens assessed (median 265 specimens per study, range 20-948 specimens; appendix). Investigators of some studies collected the same specimen type from all children, whereas others collected different types of specimens from different subgroups of children-eg, expectorated sputum in older children and induced sputum or gastric fluid (gastric lavage) in younger children.
Investigators of four studies 18, 20, 23 collected different types of specimen in each child (Walters E, Desmond Tutu TB Centre, South Africa, personal communication; appendix). Researchers had heterogeneous approaches to inclusion criteria and definition of presumed tuberculosis, the number of specimens collected and cultures needed per child to confirm tuberculosis, and the definition of clinical tuberculosis in culture-negative children (table 2;  appendix) .
Of all studies and specimen types included in our findings, 12% (range 1-53%; 420 of 3640) of children had culture-confirmed tuberculosis (table 2). 80% of investigators (12 of 15) took multiple cultures (up to six) for each child to establish positivity. On average, 11% (406 of 3640; range 1-45%) of all children were positive with Xpert. 44% (688 of 1576) of culture-negative children in seven studies were started on empirical antituberculosis therapy; 2% (10 of 688) of them were Xpert positive.
The sensitivity of Xpert varied broadly across studies and specimen types, whereas specificities ranged from 93% to 100% (figure 2). In our meta-analysis, data for expectorated sputum and induced sputum were ATT=antituberculosis treatment. ES=expectorated sputum. GLA=gastric lavage. IS=induced sputum. *Rigorous defined as studies that had clear criteria for a presumed tuberculosis case for eligibility. Broad defined as studies that had either unclear or very broadly defined criteria to define presumed tuberculosis. †Culture positive is defined as any positive culture of all cultures done. Xpert results are based on one Xpert assay per child. ‡If more than one culture done: any positive culture meant the child was defined as confirmed TB. Depending on the study, multiple cultures were performed on the same specimen (different culture methods) or multiple specimens or specimen types per child. §Empirical ATT was initiated without knowledge of Xpert results in culture-negative children. ¶In these studies, two different specimen types were taken from the same cohort of children. The numbers at the bottom of the column reflect the total and mean number of children per study, hence for Chisti et al (2014) 20 214 children were used and for Walters (unpublished) , 60 children were added to the calculations. ||Data for children with either ES or IS were analysed together. **Walters E, Desmond Tutu TB Centre, personal communication. combined because these specimen sources are clinically similar; gastric lavage data were analysed separately. In a meta-regression model comparing the pooled estimates of different specimen types, expectorated sputum and induced sputum and gastric lavage did not significantly differ. Two studies assessed Xpert on nasopharyngeal aspirate samples and collected induced sputum from the same cohort of children. 18 ,23 Because we could not adjust for within-person correlation, we excluded the nasopharyngeal aspirates data from the meta-analysis (figure 2 shows individual study data). Table 3 shows summary estimates for Xpert against the reference standard of culture and the reference standard of clinical tuberculosis for tuberculosis detection. Sensitivity analysis that excluded the unpublished study did not change our findings (data not shown). Prediction intervals were wider than the pooled credible intervals for all sensitivity estimates (table 3), indicating much heterogeneity between studies. By contrast, estimates of specificity against both reference standards were all 98% or greater with narrow credible intervals.
Sensitivity estimates vary for smear microscopy compared with the reference standard of culture for the same studies and specimen types as assessed for Xpert (0-60%), whereas specificity was consistently high (>93%; figure 3 ). By comparison with smear microscopy, Xpert was 36% more sensitive on expectorated or induced sputum samples and 44% more sensitive on gastric lavage samples (table 3) .
In a subset of studies with adequate data, we examined potential causes of heterogeneity for findings with Xpert compared with the reference standard of culture. Metaanalysis stratified by smear status shows a difference in sensitivity between smear-positive and smear-negative children ( figure 4; appendix) . The specificity of Xpert was greater than 93% in all studies except one in which specimens were stored at -20°C for at least 3 days; this study reported a specificity of 70% (95% credible interval 63-76). 24 We removed this particular study from the meta-analysis, which resulted in a pooled sensitivity of 62% (44-80), and specificity of 99% (97-99) for Xpert. The pooled and predicted sensitivity for children aged 0-4 years was 53% (37-67) for Xpert for expectorated or induced sputum and 57% (38-75) for Xpert for gastric lavage, compared with a sensitivity of 76% (61-87) for children aged 5-15 years in sputum samples. A scarcity of data precluded assessment of Xpert in children aged 5-15 years from gastric lavage. Specificity was 98% or greater for all groups assessed with relatively narrow 12 Nguyen et al (2013) 14 Rachow et al (2012) 16 Induced sputum Chisti et al (2014) 20 LaCourse et al (2014) 19 Nicol et al (2011) 15 Rachow et al (2012) 16 Sekkade et al (2013) 22 Walters et al (unpublished)* Zar et al (2012) 18 Zar et al (2013) 23 
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pooled and predicted credible intervals. Recognising the association between smear status and Xpert sensitivity, we completed an age-stratified analysis (table 4) . Xpert sensitivity was highest in smear-positive children in both age strata, and lowest among smear-negative children aged 0-4 years (table 4) . Pooled and predicted sensitivity was higher for HIVpositive children than for HIV-negative children when Xpert was used on expectorated and induced sputum samples (55% and 70%, respectively) with wide and overlapping pooled and predicted credible intervals (data not shown). Data were insufficient to do a meta-analysis of Xpert performance by HIV status with samples from gastric lavage. HIV-stratified analysis comparing Xpert for smear status showed high sensitivity among smearpositive HIV-positive (97%) and HIV-negative (94%) children with slight and overlapping credible intervals ( 12 Nguyen et al (2013) 14 Rachow et al (2012) 16 
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Bates et al (2013) 12 Causse et al (2011) 13 Chisti et al (2014) 20 Nguyen et al (2013) 14 Tortoli et al (2012) 17 Walters et al (2012) 21 Walters negative, HIV-uninfected children (44%). Credible intervals were wide and overlapping; predicted intervals significantly broadened, showing the heterogeneity of the studies (table 4) .
In a meta-regression model simultaneously controlling for smear status and HIV status for Xpert diagnosis of expectorated or induced sputum samples, the odds of test positivity was four times greater in smear-positive 25 
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Bates et al (2013) 12 Causse et al (2012) 13 Chisti et al (2014) 20 Nguyen et al (2013) 14 Pang et al (2014) 24 Tortoli et al (2012) 17 Walters et al (2012) 21 Walters et al (unpublished)* The pooled and predicted sensitivity of studies that included mainly inpatients was 70% (95% CI 57-82) compared with a sensitivity of 48% in studies that included mainly outpatients (appendix). Similar to age and HIV, these differences were mainly due to a greater proportion of smear-negative individuals in outpatient settings.
We used four studies to assess the incremental yield of Xpert (appendix). 17, 18, 26, 27 Using the total number of tuberculosis cases (culture-confirmed, plus cases meeting an author-defined diagnosis of clinical tuberculosis) as a denominator, the incremental yield of Xpert on a second specimen ranged from 8·3% to 17·5%, and from 0% to 12·5% on a third specimen. The incremental yield of culture (Löwenstein-Jensen or Mycobacteria Growth Indicator Tube values) ranged from 14·3% to 21·9% on the second specimen. One study 16 showed the incremental yield for all different diagnostic assays done, ranging from 3·1% for smear, 9·5% for Löwenstein-Jensen, 12·5% for Xpert to 21·9% for Mycobacteria Growth Indicator Tube on up to three specimens. One study 18 reported an increased yield when specimens were collected on different days.
Six studies provided data for Xpert used for rifampicinresistance testing (table 1) . Of 240 children, 11 (4·6%) were resistant on culture or line probe assay and ten (4·2%) on Xpert. Four children identified as drugsensitive by culture had indeterminate Xpert rifampicinresistance results. A meta-analysis of three studies (one being Walters' unpublished study), 12, 18 collectively including 176 participants, showed a pooled sensitivity of 86% (95% credible interval 53-98) and a pooled specificity of 98% (94-100) for rifampicin-resistance.
Discussion
Our results show that the Xpert assay can diagnose tuberculosis equally well in different respiratory specimens and is better than smear microscopy, but that overall sensitivity remains suboptimum compared with culture. 5 The high variation of sensitivities between studies and specimen types reported for Xpert correlates with the high variation in yield of culture between studies and heterogeneity in study populations and settings. The wide pooled and predicted 95% credibility intervals emphasise the need for continued research in well defined populations to better understand the potential role of Xpert in routine care. Specificities for Xpert against culture in all analyses were consistently high with narrow 95% credibility intervals.
Our data show the association between Xpert accuracy and smear status. Hence, sensitivity with Xpert could be lower in children with clinically diagnosed disease that might be paucibacillary. Smear status also seems to confound estimates for the other subgroups assessed: age, HIV status, and study setting. Xpert sensitivity estimates are highest in smear-positive older children who might present in a similar manner to adults with tuberculosis and are lowest in smear-negative, young children.
Xpert identified additional tuberculosis cases compared with microscopy. However, given the difficulty in obtaining adequate paediatric specimens, in many clinical settings, diagnostic testing is rarely attempted in children. Increased access to Xpert and improved diagnosis might motivate health-care workers to obtain specimens from children; there is a need for training to optimise specimen collection methods, which might in turn increase diagnostic yield. This simple behavioural shift could substantially improve tuberculosis diagnosis in children. Future assessments should include studies in routine clinical settings to address alternative specimen collection methods and specimen type.
Mycobacterial culture, the gold standard for the diagnosis of tuberculosis and the main reference standard applied in studies used in this Article, is imperfect in children. The yield of culture in childhood tuberculosis ranges from 20% to 70% depending on factors such as age, disease severity, and type and quality of the specimen, and culture method used. 27, 28 All these factors probably also interact with smear status. Disease severity might be a proxy for bacillary load as shown in one study assessing pulmonary tuberculosis in children, in which the yield of culture ranged from 35% in uncomplicated lymph-node disease and 82% in complicated parenchymal disease, to 93% in disseminated and 100% in adult-type disease. The diagnostic yield of culture can be improved by taking cultures from several specimens. 11 of 13 studies that we analysed did several cultures to confirm tuberculosis, with some taking as many as six cultures per child. Hence, for our reference standard of culture, we accepted the best performance of culture to ascertain the most accurate diagnosis. As a consequence, our approach underestimated Xpert sensitivity against culture because data from only one Xpert per child were included. This underestimation can be seen in the unpublished study by Walters and colleagues that used both analytical approaches: one Xpert compared with one culture (sensitivity of Xpert 64%) and one Xpert compared with yield from up to four cultures (sensitivity 47%; Walters E, Desmond Tutu TB Centre, personal communication). Several studies have shown the incremental yield of Xpert. 14, 16, 18, 23 However, the benefit has to be weighed against the cost of additional tests as well as additional transportation costs for patients.
Due to poor availability and capacity and the diagnostic uncertainty of culture in children, the diagnosis of childhood tuberculosis often relies upon clinical criteria with treatment often initiated empirically. We therefore compared Xpert with culture-negative children started on antituberculosis therapy. This pragmatic reference standard supported pooled analysis of studies that use different definitions of clinical tuberculosis, but only applied them to culture-negative children. The decision to treat in the studies we analysed was based on clinical grounds, without knowledge of Xpert results. The data show high rates of empirical treatment in children. The absence of an optimal gold standard precludes determination of proportion of true cases of tuberculosis. Nevertheless, all of these children received treatment and contribute to the costs of tuberculosis care including the potential cost of overtreatment and side-effects.
Ideally, studies would apply a standard set of criteria to define clinical tuberculosis in research that are applied to all children, not only to those who are culture-negative, enabling better comparison between studies and reference standards. 6 Our estimates of Xpert against this clinical reference standard are very low, indicating that very few culture-negative, clinically defined cases of tuberculosis can be detected by Xpert. This is expected because Xpert, like culture, requires a minimum amount of mycobacteria to be present in the specimen to detect the infection (limit of detection for the current version of Xpert is 131 colony forming units per mL, culture is 10-100 colony forming units per mL). 29 The studies included in this Article were mainly done at higher levels of care and in inpatients, probably due to availability of culture at the tertiary care level enabling researchers to compare Xpert with culture. Particularly in children, inpatients and outpatients differ. Referral bias has probably affected our findings because study participants, compared with a community-based sample, will probably have more severe and complicated forms of disease with higher bacillary loads. There would therefore be a higher likelihood of smear-culture positivity. 28 This hypothesis is supported by our stratified analysis of studies that included mainly inpatients versus those that included mainly outpatients. Even though smear status affected the results, the findings further show potential differences between inpatient and outpatient populations. Our observation has relevance to clinical care because Xpert has been strategically rolled out as a near point-ofcare test and is being used increasingly in outpatient settings.
The inpatient paediatric population might also have a higher likelihood of advanced HIV infection, especially in high-burden settings. An initially unexpected finding was the improved sensitivity among HIV-infected children compared with HIV-uninfected children, a result shown by a meta-regression model to be associated with smear status rather than HIV status. We hypothesise that HIV-infected, largely hospitalised children included in our analysis had greater disease severity, associated with a higher likelihood of smear positivity. 30 The included studies assessed very different populations of children, with some having more rigorous definitions of presumed tuberculosis and consideration of exposure. Studies using broader definitions included laboratory-based studies with no clinical inclusion criteria and hospital-based studies including populations such as severely malnourished children, in which tuberculosis is one of the differential diagnoses. 19, 20 The yield of Xpert in these groups was very low and shows the association between disease prevalence and test accuracy.
Other important outcomes are needed to show the true effect of Xpert on health systems and patients in routine settings. One study reported time to treatment initiation (median 8·5 days for culture-positive children, 17 days for culture-negative children), postulating that 25% of Xpert-positive children could have received antituberculosis treatment at least 31 days earlier, whereas 50% could have received treatment 6 or more days earlier compared with use if culture was used. 16 More studies would ideally reflect routine-care pathways similar to that of one large public health assessment of Xpert in India showing a doubling of confirmed tuberculosis cases among children. 31 Studies are needed to assess how the implementation of Xpert changes clinical diagnosis, empirical treatment, and outcomes for children. Important factors that affect time from the collection of a specimen to the initiation of antituberculosis treatment are related to specimen transport, transmission of results, etc. They are independent of the type of test done and emphasise the need to optimise diagnostic pathways so that any test can have optimum effect. Studies of adults have reported shortcomings and delays in health systems and diagnostic pathways that affect the impact of Xpert on timely treatment initiation and patient outcomes. [32] [33] [34] Costs for health systems, as well as for patients, have to be taken into account during consideration of the use of a new diagnostic, but no data were provided in the studies included. Additional data are needed to improve use of Xpert (panel). 21, 27, 28, 35, 36 Our findings in this Article are based on comprehensive searching, strict inclusion criteria, and standardised data extraction. Its main limitations are the low number of studies and participants included, as well as heterogeneous methodological approaches used by individual studies. Although our data show that Xpert is equally effective in gastric lavage and expectorated and induced sputum, age might have confounded our results because gastric lavage tends to be done in younger children than does expectorated sputum. We did not include two studies that used Xpert on specimens obtained from bronchoalveolar lavage showing sensitivities of 53% and 78%, since this technique is more invasive and respiratory specimens are not frequently available. 37, 38 Due to the small sample size we were unable to evaluate the prevalence of false-positive Xpert results for rifampicin resistance at different pretest probabilities. Furthermore, most investigators did Xpert at higher levels of care and among inpatients, limiting the generalisability of our findings for other settings. Culture is regarded as the best available reference standard for active tuberculosis in children but it has major limitations as discussed above. The reference standard clinical tuberculosis was applied to culturenegative children only. Although this approach mimics clinical practice, it is methodologically flawed. Ideally, studies would apply each reference standard to all included children. We assessed Xpert for the diagnosis of pulmonary tuberculosis, yet up to 25% of tuberculosis cases in children are extrapulmonary. Pooled sensitivities of Xpert using lymph-node tissue and cerebrospinal fluid are between 80% and 83%, but are only 46% using pleural fluid. 39 The ongoing rollout of Xpert in low-income and middle-income settings should increase access to much needed diagnostics for tuberculosis and rifampicin resistance in children. The effect of Xpert can be optimised if its implementation is complemented by efforts to strengthen health systems including improved specimen collection, linkage of specimens to diagnostics, and timely reporting of results. The ability to detect drug-resistant tuberculosis mandates the availability of multidrug-resistant treatment for children. However, the suboptimum sensitivity of Xpert for diagnosis of tuberculosis in children serves as a reminder that many children might need empirical antituberculosis therapy, despite negative Xpert and culture results. Disease severity might further change the accuracy of Xpert, further affecting the interpretation of Xpert results among different patient populations (eg, HIV-infected children, inpatient vs outpatient). More sensitive and non-sputum-based diagnostics for paediatric tuberculosis are still needed. In the interim, resource allocation should support training that optimises clinical diagnosis.
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